Lewis acid catalyzed addition reactions of alkyl halides 1 with unsaturated hydrocarbons 2 have been studied.
since alkyl halides with Lewis acids are well-known initiating systems in carbocationic polymerizations of alk e n e~.~ Examples have been reported, however, where reactions of type 1 gave 1:l addition products in high yields.2 3 
2
Prim4 found that polychloroalkanes alkylate chlorinated alkenes readily in the presence of aluminum chloride (eq 2). Schmerliig showed that monohaloalkanes, particularly CHC13 + CH,=CHCl ClzCHCHzCHC12 (2) (CH,) &Cl + CHz=CHz (CH,)&CHZCH&l
(3)
tert-alkyl halides, also undergo Lewis acid catalyzed addition reactions with halogenated as well as nonhalogenated alkenes (eq 3): However, "only relatively few Friedel-Crafts alkylations of alkenes by means of alkyl halides are as free from complications as the examples cited above". 6 The problem arises of how to predict those cases for which Friedel-Crafts alkylations of type 1 work properly.
(1) (a) Solvolysis rates of l h and l i are similar in at 44.6 oC.8c ethanol.*g Predominant formation of 1:l products 3 can be expected if 1 reacts faster with 2 than 3. If the 1:l product 3 is more reactive than 1, higher addition products will be formed. Recently, one of us suggested that solvolysis rates of model compounds of 1 and 3 (Table I ) may be used to differentiate between these two cases.7 I t was stated that "Lewis acid catalyzed additions of alkyl halides to carbon-carbon multiple bonds can only lead to 1:l products if the educts dissociate more rapidly than the products". This conclusion is based on the assumption that the relative addition rates of any alkyl halides AX and BX to a common alkene (AG*JR are reflected by the relative dis-(2e) give oligomers of the general formula [C,H,-(C,-H8)2.3-C1]1.9 under the same conditions.1° An attempt to add tert-butyl chloride (la) to isobutene (2c) and styrene (2d) resulted in formation of isobutene oligomers and polystyrene, respectively.
The data on (a-chloroethy1)benzene (le) additions in Table I1 are contradictory. Previous workers reported the formation of 1:l products by ZnC1,-catalyzed reactions of le with 2a-f.14 The products were identified by their boiling points or the boiling points of their HCl elimination products. We reproduced the results with 2a-d and identified the products spectroscopically. While the reaction of tert-butyl chloride (Id) with butadiene (2b)
yielded the 1,4-addition product selectively, le and 2b gave a mixture of 1,2-and 1,laddition products 3d and 3d'.
Probably because of the milder reaction conditions employed for the addition of le, isomerization of 3d' to the thermodynamically more stable 3d was not complete. Under a variety of conditions we did not obtain the reported 1:l products from reaction of (a-chloroethy1)-benzene (le) with isoprene (2e) and a-methylstyrene (2f).
When exactly following the literature procedure14* for the reaction of le with 2f, we isolated indan 6, a dimer of 2f, with a boiling point similar to that reported for the alleged 2,4-diphenyl-2-pentene.
Cumyl chloride ( l h ) does not react with the weak nucleophiles propene (2a) and butadiene (2b) when ZnC1,-E t 2 0 is used as the catalyst. In both cases condensation products of 1 h are formed, since 1 h eliminates HCl to give a-methylstyrene which reacts with further l h . With the less basic catalyst system BC13 in dichloromethane, however, good yields of 3i and the 1,4-addition product 3j can be obtained. The "normal" addition product 3i from l h and 2a is accompanied by a small amount of 7 arising from H37 ' i " With the exception of ethyl vinyl ether, all alkenes examined (2a-f) gave 1:l addition products 3n-s with benzhydryl chloride (li) under ZnC12-Eb0 catalysis. Only the thermodynamically more stable 1,6addition product 3r was formed with isoprene (2e) while butadiene (2b) gave a mixture of 1,4-(30) and 1,2-addition products (30'), which were not interconverted under the reaction conditions. When the reaction of l i with styrene (2d) catalyzed by ZnC1, in refluxing dichloromethane, the addition product 3q was accompanied by the condensation product 9;15 pure Furthermore, it is assumed that the selected solvolysis rates in 80% ethanol (Table I) are proportional to the rates of the Lewis acid induced dissociation reactions. In this work we studied a variety of Lewis acid catalyzed addition reactions in order to examine the range for which these approximations and the above predictions hold.
R e s u l t s
The 1:l products, obtained from reactions of la-m with 2a-g, usually correspond to the Markovnikov addition
products 3a-ff. Isopropyl chloride (la), however, the least reactive alkyl chloride in this series, has been reported not to give 1:l addition products via Lewis acid catalyzed reactions with butadiene (2b) and isoprene (2e).lo We found that propene (2a) and isobutene (2c) also do not give 1:l products with la (Table 11 ). In contrast, tert-butyl chloride (la) yields 1:l products with propene (2a) and butadiene (2b). With different Lewis acids, I d and 2a give mixtures of 3a, 4, and 5 in
variable yields.11J2 When we used ZnC12-Et20 in dichloromethane to catalyze this reaction, 4 and 5 were not detectable in the 'H NMR spectrum, indicating predominant formation of 3a.
In accord with previous reports,l0?l3 we obtained a moderate yield of 1,4-addition product 3b from tert-butyl 3b chloride (la) and butadiene (2b), while I d and isoprene (CH3)3CCH&H=CHCH&l (9) Leffler, J. E.; Grunwald, E. 'Rates and Equilibria of Organic (10) AlCl,. (88) 3s (75) 1 0 (47) 3t (47) 3w (75) Products not isolated.
Products not characterized spectroscopically. See Table I11 for structures.
not completely clear. Addition of lm to ethyl vinyl ether (2g) must be a reversible process since the concentration of lm in the reaction mixture goes through a minimum at short reaction times. Addition product 3ff, which was not isolated in substance but degraded to cinnamaldehyde, was accompanied by a variety of side products, which have not been identified since they were formed in small quantities.
Discussion
The matrix presentation in Table I11 summarizes the above results and the 1:l product yields of addition reactions with prenyl chloride (If) and 1,l-dimethyl-3-phenylpropargyl chloride (lg). When the alkyl halides 1 are arranged vertically according to increasing solvolysis rates (Table I ) and the alkenes are ordered horizontally in a way that solvolysis rates of the 1:l addition products increase from left to right, a diagonal results which correlates addends and products of equal solvolysis rates.
This diagonal separates Table I11 into a lower left section where the formation of 1:l products is observed and an upper right section where polymerization of the alkenes takes place. Our prediction'-formation of 1:l products only if educts dissociate faster than products-is thus verified.
However, the impressive presentation in Table I11 is only possible when the addition reactions of trityl chloride are not included. From solvolysis rates, one would derive that trityl chloride (lk) is more reactive than la-j and therefore should yield 1:l products with 2a-f. In contrast to this expectation, isoprene (2e) polymerizes when treated with lk and ZnClZ-EtzO, indicating that allyl chlorides of the prenyl type are more reactive than lk. The observation that trityl chloride (lk), in contrast to l h or li, does not react with isobutene (2c) or a-methylstyrene (2f) a t -78 "C also indicates that solvolysis rates are not the only factor determining relative addition rates. We attribute the low reactivity of trityl chloride (lk) to steric hindrance in the addition transition state. Resonance stabilization of the trityl cation cannot be the determining factor, since a-methoxybenzyl chloride (lm), which forms an even more electronically stabilized carbenium ion, reacts readily with all alkenes 2a-g.
The operation of steric effects is also realized in other cases. The 10% solvolysis rate difference between tertbutyl chloride (la) and a-phenylethyl chloride (le) can hardly explain that l e gives good yields of 1:l products with isobutene and styrene whereas Id does not. More plausible is the assumption that the attack of the secondary 1-phenylethyl cation a t an olefin is sterically less hindered than the attack of the tert-butyl cation.
However, the clear diagonal dividing Table I11 indicates that steric effects can often be neglected. The reason is that solvolysis rates in Table I span a range of -12 powers of 10, corresponding to 11 kcal/mol at -78 "C. Therefore, steric effects have only to be considered if very bulky systems are involved or if systems with closely similar solvolysis rates are compared.
Besides steric effects we have to consider another factor which limits the scope of our predictions. The approximation that the relative magnitudes of (AG*2)A and (AG*,), are reflected by the energy ordering of A+ and B+ will be valid if A+ and B+ are high-energy intermediates (Figure 1 ). The smaller (AG*JA and (AG*,), become, either by going into highly ionizing reaction media or by going to better stabilized carbenium ions, the less reliable solvolysis data for estimating the relative magnitudes of (AGlz)* and (AG*& will be. It can be derived that the above rules even have to be reversed if dissociation of RX becomes exothermic (stable ion conditions). Generally, reliable predictions are possible for those addition reactions where the dissociation step is the main contributor lo the activation energy of the overall process. If the addition products undergo rapid sequence reactions (e.g., eliminations and cyclizations), application of the above rules is not possible.
In order t'o include steric effects as well as widely dissociated reaction systems, we are going to directly determine relative magnitudes of (AG*2)R for various alkyl halides. Until these new data become available, we recommend solvolysis rates as a guide for synthesis planning with aliphatic Friedel-Crafts reactions.
Experimental Section
General Methods. Infrared spectra were recorded on a Beckmann Acculab 1 IR spectrophotometer. 'H NMR spectra were taken in carbon tetrachloride on a JEOL JNM-C-60-HL spectrometer and I3C NMR spectra on a JEOL JNM-PS-100 spectrometer. Chemical shifts (6) were recorded relative to (CH3)*Si as an internal standard.
It was advantageous to use ZnC12 in a homogeneous solution. For this purpose 50 g of ZnC12 (commercial quality, Merck) was dissolved in BO mL of ether. This solution (referred to as ZnC12-Et20 in the following) can be diluted with CH2C12. Precipitates, sometimes formed at 20 "C, are mostly dissolved at low temperature.
tert-Butyl Chloride (la) and Propene (2a). A solution of 1.85 g (20. 0 nimol) of Id in 10 mL of CH2C12 was added to a solution of 4 mL of ZnC12-Et20 and 1.68 g (39.9 mmol) of 2a in 45 mL of CH&12 at -78 "C. The mixture was allowed to stand at 0 "C for 17 h, washed with aqueous ammonia and dried. The solvent was evaporated and the remaining oil was distilled to give 2-chloro-4,4-dimethylpentane 3a: C, 62.44; H, 11.23. Found: C, 62.58; H, 11.32. tert-Butyl Chloride (la) and 1, . Compounds Id (5.0 g, 54 mmol) and 2b (3.0 g, 55 mmol) dissolved in 60 mL of CHaC12 reacted at -30 "C in the presence of 4 mL of ZnCl2-EhO to give 1. 1-Chloro-1-phenylethane (le) and Isobutene (2c). 2-Chloro-2-methyl-4-phenylpentane (3e; 2.8 g, 71 %) was obtained from the ZnC12-Et20 (4 mL) catalyzed reaction of 2c (1.1 g, 20 mmol) with l e (2.8 g, 20 mmol) in 45 mL of CHzClp at -78 "C (4 days): bp (bath) 32-34 "C (lo4 mmHg); 'H NMR 6 1.29 (d, J = 7 Hz, 3 H), 1.36 (8, 3 H), 1.47 (s, 3 H), 2.13, 2.14 (2 d, J = 6, 7 Hz, 2 H), 3.08 (br sextet, J = 7 Hz, 1 H), 7.18 (s, 5 H); mass spectrum (70 eV), m/e (relative intensity) 196, 198 (4.3, 1.3, M+) 1-Chloro-1-phenylethane (le) and a-Methylstyrene (2f). Compound l e (11 g, 78 mmol) was added to a mixture of 2f (9.4 g, 80 mmol) and ZnC12 (120 mg) and kept at 50 "C for 4 h. A workup as described in the literaturelk gave 0.7 g of le, 7.5 g (80%) of 6, and polymeric material. 1,1,3-Trimethyl-3-phenylindan (6): bp (bath) 100-120 OC (0.05 mmHg); 'H NMRSo 6 1.03 (e, 3 H), 1.32 (s, 3 H), 1.63 (s, 3 H), 2.15 and 2.40 (AB system, J = 13 Hz,
H).
Cumyl Chloride (lh) and Propene (2a). A 1 M BCl, solution in CH2C12 (2 mL) was added to a solution of 2a (2.1 g, 50 mmol) in 30 mL of CH2C12 at -78 "C. l h (3.1 g, 20 mmol) dissolved in 20 mL of CH2Clz was added dropwise and the resulting solution c, 73.75; H, 8.80 
